AaSTRACT T h i s paper d e s c r i b e s o u r r e c e n t work on e l e c t r i c f i e l d e f f e c t s on e x c itons i n AlGaAs/GaAs quantum w e l l s . We d i s c u s s t h e l a r g e change o f o p t i c a l abs o r p t i o n a t t h e l a s i n g wavelength o f a multiple-quantum-well waveguide induced by t h e S t a r k e f f e c t , t h e a b s o r p t i o n s a t u r a t i o n o f e x c i t o n s c o n t r o l l e d by t h e S t a r k e f f e c t , and t h e quenching o f e x c i t o n i c luminescence induced by resonance e f f e c t s o f e l e c t r o n s . I n a d d i t i o n , t h e a p p l i c a t i o n s o f these f e a t u r e s t o f a b r ic a t e an o p t i c a l waveguide modulator m o n o l i t h i c a l l y i n t e g r a t e d w i t h a m u l t i p l equantum-well l a s e r diode and a v o l t a g e -c o n t r o l l e d b i s t a b l e l a s e r a r e r e p c r t e d .

I -INTRODUCTION
E l e c t r i c f i e l d e f f e c t s on e x c i tons i n semiconductor quantum we1 l S (QWs) have r e c e n tl y a t t r a c t e d much a t t e n t i o n due t o p o s s i b l e a p p l i c a t i o n s i n novel p h o t o n i c devices. I n t h i s paper we summarize o u r r e c e n t work i n t h i s f i e l d . An e l e c t r i c f i e l d a p p l i e d p e r p e n d i c u l a r t o QW l a y e r s p r o v i d e s two main e f f e c t s on e x c i t o n s , i.e. a S t a r k s h i f t o f t h e e x c i t o n energy / 1 / and a quenching o f t h e e x c i t o n i c photoluminescence (PL) i n t e n s i t y / 2 / . The 
S t a r k s h i f t o f e x c i t o n i c a b s o r p t i o n peaks i s observed a t a f i e l d as h i g h as 100 kV/cm because t h e h e t e r o j u n c t i o n p o t e n t i a l b a r r i e r s p r e v e n t t h e f i e l d i o n i z a t i o n o f e x c i t o n s . Using t h i s e f f e c t , an o p t i c a l modulator / 3 / and an o p t i c a l b i s t a b l e d e v i c e c a l l e d s e l f -e l e c t r o o p t i c e f f e c t d e v i c e (SEED)
4 / were r e a l i z e d . These devices a r e operated w i t h l i g h t t r a n s m i t t e d p e r p e n d i c u l a r t o QW l a ye r s . We have s t u d i e d t h e e l e c t r i c f i e l d e f f e c t s on t h e t r a n s m i s s i o n o f l i g h t through mu1 t i ple-quantum-well (MQW) waveguides, which a r e s u i t a b l e f o r monol i t h i c i n t e g r a t i c r w i t h MQW l a s e r diodes / 5, 6 / . We have f a b r i c a t e d a MQW waveguide modulator monol i t h i c a l l y i n t e g r a t e d w i t h a MQW l a s e r diode / 7 / as w e l l as a v o l t a g e -c o n t r o l l e d b i s t a b l e l a s e r / 8 / . The quenching o f e x c i t o n i c luminescence i s induced by two main f a c t o r s , i.e. the s p a t i a l s e p a r a t i o n o f e l e c t r o n s and h o l e s i n t h e w e l l s / 9 / and t h e c a r r i e r t u n n e l i n g through t h e b a r r i e r s / 9 , 10 / . Both f a c t o r s have r e c e n tl y been i n v e s t i g a t e d by t i m e -r e s o l v e d PL measurements / 9 -1 1 / . We have s t u d i e d he f i e l d -i n d u c e d quenching o f e x c i t o n i c PL i n AlGaAs/GaAs s u p e r l a t t i c e s u s i n g time- r e s o l v e d p h o t o c u r r e n t (PC) as w e l l as s t a t i c PL and PC measurements. The t o p i c s p r esented h e r e i n c l u d e t h e S t a r k e f f e c t on e x c i t o n s i n AlGaAs/GaAs MQW waveguides a t t h e l a s i n g wavelength o f monol i t h i c a l l y i n t e g r a t e d MQW l a s e r s , t h e a b s o r p t i o n s a t ur a t i o n o f e x c i t o n s under an e l e c t r i c f i e l d , and t h e f i e l d induced quenching o f e x c it o n i c PL i n S e c t i o n 11, and t h e a p p l i c a t i o n s o f these e f f e c t s t o novel o p t i c a l d e v ices i n S e c t i o n 111.
I 1 -ELECTRIC FIELD EFFECTS ON EXCITONS I N QWS
I1 -1 S t a r k E f f e c t i n MQW Waveguides E x c i t o n s i n QWs e x h i b i t l a r g e a b s o r p t i o n peaks even a t room temperatures due t o t h e confinement e f f e c t / 12 / . The S t a r k e f f e c t has a l s o a s t r o n g impact on room-temper a t u r e e x c i t o n s / 2 / so t h a t i t becomes a t t r a c t i v e f o r a p p l i c a t i o n s t o o p t o e l e c t r on i c devices. We have s t u d i e d t h e o p t i c a l p r o p e r t i e s o f AlGaAs/GaAs MQW waveguides, which have s i m i l a r l a y e r s t r u c t u r e s as MQW l a s e r diodes. We have found t h a t t h e l a s e r o s c i l l a t i o n of t h e MQW waveguide occurs a t t h e low-energy s i d e o f t h e e x c i t on i c a b s o r p t i o n peak o b t a i n e d f o r t h e same MQW waveguide under u n e x c i t e d c o n d i t i o n s / 5 / because o f t h e band gap shrinkage e f f e c t / 13 / , and t h a t t h e a b s o r p t i o n coe f f i c i e n t a t t h e l a s i n g wavelength i s much s m a l l e r f o r t h e MQW waveguide than f o r t h e c o n v e n t i o n a l GaAs DH waveguide / 5 / . The f i r s t p r o p e r t y suggests t h a t a l a r g e e x c i t o n i c a b s o r p t i o n can be induced a t t h e l a s i n g wavelength by a p p l y i n g a v o l t a g e t o t h e MQW r e g i o n . The second f e a t u r e suggests t h a t MQW waveguides a r e f a v o r a b l e f o r i n t e g r a t i n g passive o p t i c a l components r n o n o l i t h i c a l l y w i t h l a s e r s and o t h e r p a s s i v e o p t i c a l components because o f t h e l o w t r a n s m i s s i o n l o s s . These p r o p e r t i e s a r e conf i r m e d by PC spectroscopy measurements. I n F i g . 1 we show t h e PC s p e c t r a f o r a p -i -n MQW l a s e r diode s t r u c t u r e measured w i t h d i f f e r e n t b i a s v o l t a g e s (Vb). The PC spectrum i s a r e p l i c a o f t h e a b s o r p t i o n spectrum f o r t h e i n t r i n s i c MQW r e g i o n . The peaks c l e a r l y observed on t h e spectrum f o r V c l V a r e 
due t o t h e a b s o r p t i o n peaks of t h e heavy h o l e ( h h ) e x c i t o n and l i g h t Ro7e ( l h ) e x c i t o n . These peaks s h i f t t o lower e n e r g i e s w i t h decreasing Vb a c c o r d i n g t o the S t a r k s h i f t s . The l a s i n g wavelength of t h i s diode i s i n d i c a t e d by xL, which i s about 20 meV below t h e peak o f t h e hh e x c iton. The d a t a o f t h e f i g u r e show t h a t a l a r g e change o f a b s o r p t i o n can be induced a t XL b y s w i t c h i n g t h e a
BIAS VOLTAGE ( V ) F i g . 2 -P h o t o r e s p o n s i v i t y of a p -i -n MQW diode s t r u c t u r e (8-nm GaAs
and 5-nm AlGaAs, 16 p e r i o d s ) f o r d i f f e r e n t e x c i t a t i o n d e n s i t i e s . The i n s e t shows a schematic c o n f i g u r a t i o n o f t h e e x c i t i n g wavelength and t h e PC spectrum under n e a r l y f l a t band c o n d i t i o n .
I 1 -2 A b s o r p t i o n S a t u r a t i o n o f E x c i t o n s i n E l e c t r i c F i e l d s The a b s o r p t i o n s a t u r a t i o n o f e x c i t o n s i s an i m p o r t a n t p r o p e r t y f o r a p p l i c a t i o n s t o n o n l i n e a r o p t i c a l devices. Large a b s o r p t i o n s a t u r a t i o n o f e x c i t o n s i n GaAs QWs was r e p o r t e d b y M i l l e r e t a l . and Chemla e t a l . / 14 / . A four-wave m i x i n g technique r e v e a l e d t h a t t h e a b s o r p t i o n s a t u r a t i o n occurs most s t r o n g l y a t t h e low-energy s i d e
o f t h e hh e x c i t o n peak / 14 / . The mechanism o f t h e a b s o r p t i o n s a t u r a t i o n i s a t t r ib u t e d t o a screening e f f e c t o f f r e e c a r r i e r s a t room temperature and t o t h e phasespace f i l l i n g e f f e c t i n a d d i t i o n t o t h e screening e f f e c t a t low temperatures / 14 /.
I n t h e MQW waveguide under i n v e s t i g a t i o n A i s l o c a t e d a t t h e low-energy s i d e o f t h e hh e x c i t o n peak, where a l a r g e a b s o r p t i o n k a t u r a t i o n i s expected. I n a d d i t i o n , the magnitude o f t h e e x c i t o n i c a b s o r p t i o n ( i . e . the magnitude o f t h e a b s o r p t i o n s a t u r at i o n ) a t A can be changed u s i n g t h e S t a r k e f f e c t . F i g u r e 2 shows t h e photoresponsiv i t y o f t h k p -i -n MQW diode s t r u c t u r e as a f u n c t
i o n o f a p p l i e d v o l t a g e (V ) o b t a i n e d w i t h d i f f e r e n t e x c i t a t i o n d e n s i t i e s a t 50 K. The p h o t o r e s p o n s i v i t y i s g i v k n by t h e PC d i v i d e d by t h e e x c i t a t i o n d e n s i t y . The e x c i t i n g l a s e r wavelength i s f i x e d j u s t below the a b s o r p t i o n peak o f t h e hh e x c i t o n under n e a r l y f l a t band c o n d i t i o n s , as s c h e m a t i c a l l y shown i n t h e i n s e t . The l a r g e r V values ( l e f t hand s i d e ) correspond t o t h e low-energy s i d e o f t h e a b s o r p t i o n spectlum s i n c e t h e a b s o r p t i o n spectrum s h i f t s t o t h e low-energy s i d e w i t h decreasing V . The two peaks o f t h e s p e c t r a a r e due t o t h e hh e x c i t o n ( a t l a r g e r V ) and l h excbton ( a t s m a l l e r V ). No peak i s observed on t h e photorespons i v i t y spkctrum ~i t h w h i t e l i g 5 t e x c i tatbon. When t h e e x c it a t i o n d e n s i t y i s increased from % 1 W/cm t o % 1 kW/cm , t h e hh e x c i t o n a s s o c i a t e d
peak becomes s i g n i f i c a n t l y s m a l l e r i n i n t e n s i t y due t o the a b s o r p t i o n s a t u r a t i o n . On t h e o t h e r hand, t h e i n t e n s i t y o f t h e l h e x c i t o n a s s o c i a t e d peak i s h a r d l y reduced. T h i s phenomenon i s a t t r i b u t e d p a r t l y t o t h e s m a l l e r a b s o r p t i o n s a t u r a t i o n o f l h exc i t o n s and p a r t l y t o t h e r e d u c t i o n o f t h e c a r r i e r l i f e t i m e w i t h enhanced e l e c t r i c f i e l d . The s h i f t s o f t h e peaks a r e caused by t h e f i e l d screening due t o t h e photogene5ated c a r r i e r s . A n a r r o w i n g o f t h e hh e x c i t o n a s s o c i a t e d peak observed a t -100 W/cm i s p r o b a b l y due t o a k i n d o f feedback mechanism a s s o c i a t e d w i t h t h e f i e l d screening. I n a MQW waveguide w i t h 13-nm w e l l s , t h e a b s o r p t i o n s a t u r a t i o n accompanied by t h e s m a l l e r screening e f f e c t i s achieved w i t h a lower e x c i t a t i o n d e n s i t y . The peak observed i n t h e p h o t o r e s p o n s i v i t y cannot be compared d i r e c t l y t o t h e peaks of t h e e x c i t o n i c spectra because a f i e l d induced change o f t h e e x c i t o n i c a b s o r p t i o n spectrum and an enhancement o f t h e magnitude o f t h e PC should be taken i n t o account. Most r e c e n t l y Iwamura e t a l . have o b t a i n e d a s i m i l a r s a t u r a t i o n behaviour by o p t i c a l a b s o r p t i o n measurements / 15 / . The s a t u r a t i o n behaviour observed here i m p l i e s EXTERNAL FIELD ( kV1cm) Fig. 3 -S t a t i c PC and s p e c t r a l l y i n t e g r a t e d PL i n t e n s i t y versus external f i e l d measured f o r a p -i -n diode w i t h a AlGaAs/GaAs superl a t t i c e i n t r i n s i c region (12-nm GaAs and 5.8-nm AlGaAs, 100 periods). E x c i t a t i o n d e n s i t y 5 ~/cm2.
t h a t the magnitude o f the absorption s a t u r a t i o n o f excitons a t an e x c i t i n g l a s e r wavelength below the hh e x c i ton peak can be changed by the a p p l i e d v01 tage. This feat u r e i s u t i l i z e d i n the v o l t a g e -c o n t r o l l e d b i s t a b l e l a s e r described i n Section I 1 1 -2. I 1 -3 Resonance Induced Quenching o f E x c i t o n i c Luminescence
Photoexcited c a r r i e r s i n QWs subject t o an e l e c t c r i c f i e l d generate e i t h e r PL o r PC / 11, 16 / . At low temperatures the PL a t moderate e x c i t a t i o n l e v e l s i s mostly gener a t e d by e x c i t o n i c recombination, and the PC by c a r r i e r s t u n n e l i n g through the barr i e r s . The time-resolved PL measured f o r i s o l a t e d GaAs QWs a t 5 K e x h i b i t e d an enhancement of the l i f e t i m e of excitons a t low f i e l d s , which i s due t o the s p a t i a l charge separation, and a reduction a t high f i e l d s , which i s due t o the tunneling from the i n s i d e o f the w e l l t o the outside o f the QW / 9, 10 / . I n s u p e r l a t t i c e s t u n n e l i n g occurs mostly between the adjacent respective wells. I n AlInAs/GaInAs and AlGaAs/GaAs s u p e r l a t t i c e s , an excess PC due t o sequential resonant tunneling was ; 3 ns) due t o the s p a t i a l charge separ a t i o n e f f e c t / 9 / . I n contrast, a t the rower f i e l d s , where t h e s t a t i c PL i s a lmost i n v a r i a n t , T . (% l ns) i s comparable t o T ( -1.5 ns) so t h a t i t i s dominated by the e x c i t o n i c ?ecombination. Our r e s u l t exp?$ins the f i e l d induced competition o f e x c i t c n i c recombination and c a r r i e r t u n n e l i n g i n s u p e r l a t t i c e s c o n s i s t e n t l y w i t h r e s p e c t t o t h e i r dynamical and s t a t i c aspects.
observed i n s t a t i c PC-bias voltage c h a r a c t e r i s t i c s / 17, 18 / . W e have studied the f i e l d induced quenching o f t h e e x c i t o n i c luminescence i n AlGaAsfGaAs s u p e r l a t t l c e s incorporated i n p -i -n diode s t r u c t u r e s using time-resolved PC as w e l l as s t a t i c PL and PC measurements. Figure 3 shows the f i e l d dependences o f the s t a t i c PL i n t e n s i t y and o f the PC measured under cw e x c i t a t i o n c o n d i t i o n . The observed PL i s associated w i t h hh excitons / 11 / . The external f i e l d , given by ( b u i l t -i n -v o l t a g e + a p p l i e d voltage) d i v i d e d by t o t a l thickness o f the i n t r i n s i c region, i s shown a t the lower h o r i z o n t a l axis. A d d i t i o n a l l y , the c a l i b r a t e d f i e l d as evaluated from the
t t r i b u t e d t o resonance e f f e c t s o f e l e c t r o n s between the f i r s t e x c i t e d s t a t e and the ground s t a t e (quenching C) and between the second e x c i t e d s t a t e and the ground s t a t e (quenching D
)
111.-APPLICATIONS TO OPTICAL DEVICES
-1 Waveguide Modulator M o n o l i t h i c a l l y I n t e g r a t e d w i t h MQW Laser As d e s c r i b e d i n S e c t i o n I 1 -1, MQW waveguides a r e a t t r a c t i v e f o r o p t i c a l modulators t o be m o n o l i t h i c a l l y i n t e g r a t e d w i t h MQW l a s e r diodes because o f t h e l o w l o s s as w e l l as t h e l a r g e change o f t h e e x c i t o n i c a b s o r p t i o n a t t h e l a s i n g wavelength. F i gu r e 5 s c h e m a t i c a l l y shows t h e m o n o l i t h i c d e v i c e f a b r i c a t e d i n t h e p
r e s e n t work. The modulator and t h e l a s e r diode a r e separated by a narrow gap f a b r i c a t e d by r e a c t i v e i o n beam e t c h i n g . The gap i s deep enough t o separate t h e modulator and t h e l a s e r d iode b o t h o p t i c a l l y and e l e c t r i c a l l y . From t h e measured l i g h t o u t p u t versus i n j e c t i o n c u r r e n t c u r v e ( L -I c u r v e ) t $ e a b s o r p t i o n l o s s c o e f f i c i e n t o f t h e modulator waveguide i s e s t i m a t e d t o be 2. 60 cm a t t h e l a s i n g wavelength. T h i s v a l u e c o n f i r m s t h e low l o s s o f t h e waveguide as d e s c r i b e d i n S e c t i o n I 1 -1 . O p t i c a l m o d u l a t i o n o f t h i s dev i c e i s achieved by i n j e c t i n g a c o n s t a n t c u r r e n t i n t o t h e l a s e r diode and a p p l y i n g a m o d u l a t i o n v o l t a g e t o t h e modulator. The achieved m o d u l a t i o n depth i s 7 dB f o r a d r i v i n g v o l t a g e o f 2.3 V, and t h e c u t -o f f frequency i s 0.88 GHz. The c u t -o f f f r equency i s l i m i t e d by t h e RC time constant, which i s improved by r e d u c i n g t h e d e v i c e capacitance. We expect a c u t -o f f frequency beyond 10 GHz by r e d u c i n g t h e waveguide w i d t h as w e l l as i n s u l a t i n g t h e l a y e r s under t h e w i r i n g pads, e.g., by p r o t o n implant a t i o n .
-2 V o l t a g e -C o n t r o l l e d B i s t a b l e Laser
O p t i c a l b i s t a b i l i t y i s one o f t h e most e s s e n t i a l f u n c t i o n s f o r s i g n a l processing i n an o p t i c a l computer. A b i s t a b l e l a s e r i s a t t r a c t i v e as an a c t i v e element f o r t h e o p t i c a l b i s t a b i l i t y . T h i s d e v i c e which has a r e g i o n o f a b s o r p t i o n s a t u r a t i o n i n t h e c a v i t y was o r i g i n a l l y proposed by Lasher / 19 / , and i t s o p e r a t i o n was l a t e r demons t r a t e d i n b u l k InGaAsP / 20 / and GaAs / 21 / DH l a s e r diodes. These b i s t a b l e l asers p r o b a b l y u t i l i z e d a b s o r p t i o n s a t u r a t i o n a s s o c i a t e d w i t h t h e b a n d -f i l l i n g e f f e c t . Our b i s t a b l e l a s e r u t i l i z e s t h e a b s o r p t i o n s a t u r a t i o n o f e x c i t o n s i n QWs, whose magn i t u d e can be changed by the S t a r k e f f e c t . The d e v i c e has t h e same waveguide s t r u ct u r e as shown i n F i g . 5. The d i f f e r e n c e i s t h a t t h e waveguide i s separated i n t o two segments o n l y e l e c t r i c a l l y b u t n o t o p t i c a l l y . The e l e c t r i c a l s e p a r a t i o n o n l y i s real i z e d by Ga focused i o n beam i m p l a n t a t i o n i n s t e a d o f r e a c t i v e i o n beam e t c h i n g . We show t h e b i s t a b l e o p e r a t i o n by i n j e c t i n g c u r r e n t i n t o one segment A ( I A ) w h i l e a p p l yi n g a v o l t a g e t o t h e o t h e r segment B (VB : b u i l t -i n -v o l t a g e ) . F i g u r e 6 shows t h e c o n t i n u o u s l y o p e r a t i n g L -i A curves w i t h d i f f e r e n t VB values a t 77 K. The h y s t e r e s i s Room-temperature b i s t a b l e operation of t h i s device i s a1 so aphieved under pulsed e x c i t a t i o n conditions. The l a s i n g wavel e n g t h i n the b i s t a b l e operation i s a t the low-energy side o f the e x c i t o n absorption peak. More r e c e n t l y , we have obtained cw b i s t a b l e operation a l s o a t room temperature, using a more sophisticated s t r u c t u r e ( 
